
CYANIDEANDTHIOCYANATE-BASEDBIOSYNTHESIS IN TROPICAL MARINE
SPONGES

JAMIE S. SIMPSONANDMARYJ. GARSON

Simpson, J.S. & Garson, M.J. 1999 06 30: Cyanide and thiocyanate-based biosynthesis in

tropical marine sponees. Memoirs of the Queensland Museum44: 559-567. Brisbane. ISSN
0079-8835.

The sponge Axinyssa n.sp. incorporates both sodium
[

l4 C] cyanide and sodium
[

14 C]
thiocyanate into 2-thiocyanatoneopupukeanane as well as into 9-isothiocyanatopupukeanane,

however these 2 precursors were not incorporated into 9-isocyanopupukeanane. The
specificity of incorporation into the thiocyanate carbon was confirmed by chemical

degradation. Stylotella aurantium incorporates sodium
|

14 C] cyanide and sodium [
l4 C]

thiocyanate into the dichloroimine functionality of the stylotellanes A and B, as well as into

farnesy I isothiocyanate. The specificity of incorporation into the dichloroimine carbon atom
was confirmed by chemical degradation. These experiments represent the first detailed

study of the biosynthetic origin of organic thiocyanates and dichtoroimines, and extend the

range of functionality known to be biosynthesised from cyanide and thiocyanate. Our
results raise the interesting question of the interconversion of inorganic cyanide and
thiocyanate and/or the interconversion of the resulting organic metabolites in marine

sponges. An isothiocyanate-isocyanide conversion was demonstrated in Amphimedon
terpenensis by incorporation of a l4 C-labelled sample of diisothiocyanatoadociane into

diisocyanoadociane. OPorifera, Amphimedon terpenensis, Axinyssa, Stylotella aurantium,

biosynthesis, cyanide, dichloroimines. isocyanides, isothiocyanates, secondary metabolites,

terpenes, thiocyanates.
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Marine sponges of the order Axinellida,

Halichondrida and Haplosclerida often contain

bioactive terpenes with isocyanide, isothio-

cyanate and formamide functionality; the rarer

isocyanate and thiocyanate substituents are also

known (Scheuer, 1992; Chang & Scheuer, 1993;

Garson et al., 1998). These unique metabolites

have been novel targets for study with
,4

C- and
l3

C-labelled precursors to determine the bio-

synthetic origin of the non-terpenoid carbon

atom (Garson, 1989; Chang & Scheuer, 1990;

Garson, 1993; Garson et al., 1999). Work by our

research group on the sponge Amphimedon
terpenensis has shown that marine isocyanides

such as diisocyanoadociane (Fig. 1 A) are derived

by functionalisation of a terpene precursor with

inorganic cyanide (Garson, 1986; Fookes et al.,

1988). Karuso & Scheuer (1989) subsequently

showed that both diterpene (eg. Fig. IB) and

sesquiterpene (eg. Fig. 1C) isocyanides are

cyanide-derived, and further demonstrated the

intact incorporation oftheNpCi unit. Our recent

work with Acanthella cavernosa has shown the

utilisation of cyanide for the biosynthesis of both

a sesquiterpene isocyanide (Fig. ID) and an

isothiocyanate (Fig. 1 E) in this axinellid sponge.

Furthermore inorganic thiocyanate was shown
also to be a precursor to both the isocyanide and

the isothiocyanate metabolites in this sponge.

From these experimental results a biosynthetic

link was inferred between the two inorganic

precursors or between the two metabolite types

(Dumdei et al., 1997).

The origin of the thiocyanato group has been

the subject of much biosynthetic speculation

(Garson, 1 993 ). Pham et ai. ( 199
1

) suggested the

cyanation of a thiol, which appears to be a

reasonable pathway to the amino acid-derived

psammaplin thiocyanate (Jimenez & Crews,

1991). In contrast, in those sponges in which

thiocyanates co-occur with isocyanides or with

isothiocyanates, the involvement of the ambidenl

thiocvanate ion has been invoked ( He et al., 1 989;

1992; Walker & Butler, 1996). The dichloroimine

(= carbonimidic dichloride) moiety represents a

rare example of a functional group containing

both nitrogen and carbon which has previously

been found in terpene metabolites of the Indo-

Pacific sponge Pseudaxinvssa pitvs (Wratten &
Faulkner, 1977; 1978a; 1978b). The coocurrence

of an isothiocyanate together with dichloroimines

in P. pitys suggested to us the involvement of
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FIG. 1. Structures of isocyanide and isothiocyanatc

metabolites investigated in biosynihetic experi-

ments. A, diisocyanoadociane. B, kalihinol F. C,

2-isocyanopupukeanane. D, axisonitrile-3. E,

axisothiocyanate-3.

cyanide/thiocyanate in the biosynthesis of the

dichloroimine group.

In this paper we present the results of bio-

synthetic experiments with the sponge Axinyssa
n. sp. which provide evidence for a cyanide/

thiocyanate origin of the thiocyanato function-

ality. We test the possibility using Stylotella

auremtium that dichloroimine metabolites are

biosynthesised from farnesyl pyrophosphate using

cyanide or thiocyanate to supply the Ni-Cj
moiety. The role of inorganic thiocyanate and of

an organic isothiocyanatc in diisocyanoadociane

biosynthesis are also explored.

MATERIALSANDMETHODS
Abbreviations. GC-MS, gas chromatography- mass
spectrometry; TLC, thin layer chromatography;

NMR, nuclear magnetic resonance; HPLC, high

performance liquid chromatography.

Chemicals and biochemicals. Solvents used in

the extraction of compounds from sponge
samples were glass distilled. All radioactive

precursors were purchased from Siijma Chemical

Co. (St Louis, MO).

Biological materials. Samples of Axinyssa n. sp.

(Halichondrida: Halichondriidae), Stylotella

entrant ium (Halichondrida: Halichondriidae),

Kelly-Borges & Bergquist, 1988, and Amphi-
medon terpenensis (Haplosclerida: Niphatidae)

Fromont, 1993, were collected using SCUBAat

Coral Gardens, Experimental Gardens or Coral

Spawning dive sites (12- 16m depth), Heron

Island (23°27\S, 151°55'E) or at North Point

(12-16m depth). Lizard Island (H^'S,
145°27'E) on the Great Barrier Reef, Australia

under permit numbers G96/050, G97/097,
G98/037 and G98/227 issued jointly by the Great

Barrier Reef Marine Park Authority and the

Queensland National Parks and Wildlife Service.

Sponge samples used in biosynthetic exper-

iments were maintained in running seawatcr at

ambient temperature and light conditions prior to

use. Voucher specimens of the sponges Axittys sa

n. sp., (accession number QMG312575), Stylo-

tella an rant ium (QMG3071 33) and Amphimedon
terpenensis, (AMZ4978; QMG314228), arc held

at the Queensland Museum (QM), Brisbane or

the Australian Museum (AM), Sydney.

Isolation of metabolites. I) Axinyssa n. sp. An or-

ganic extract was prepared from frozen sponge

(49. 6g wet wt) and further purified by normal
phase flash chromatography (gradient elution

with hexanes/EtOAc) and normal phase HPLC
using 0.25% EtOAc in hexanes to give
(-)-9-isocyanopupukeanane (Fig. 2A; 107.6mg),

(-)-9-isothiocyanatopupukeanane (Fig. 2B;

3.5mg), and (-)-2-thiocyanatoneopupukeanane

(Fig. 2C; 3 1 .4mg) together with smaller amounts
of other isocyanides and isothiocyanates as

described by Simpson et al. (1997b). 2) Stylotella

aurantium. An organic extract was prepared from
frozen sponge (204g wet wt) and further purified

by normal phase flash chromatography (gradient

elution with hexanes/EtOAc) and by normal
phase HPLC using 0.2% EtOAc in hexanes to

give stylotellane A (Fig. 2E; 9mg), stylotellane B
(Fig. 2F; 75.6mg), and farnesyl isothiocyanate

(Fig. 2G; 2mg) as described by Simpson et al.

( 1 997a). 3) Amphimedon terpenensis

.

Diisocyanoadociane (Fig. 1A; 16mg) was
isolated from frozen sponge (25g wet wt) as

described by Fookes et al. (1988).

Biosynthetic experiments. 1) Pieces of Axinyssa
n. sp. (approx. 80g wet wt) were placed in an

aquarium containing 200ml aerated seawater at

ambient temperature (20-23°C
|

). Sodium
[

14
C]

cyanide (100|iCi) or sodium [

4
C] thiocyanate

(25uCi) was added and the sponge allowed to

assimilate radioactivity for 12hr. The sponge was
kept in running seawater in a 1 litre aquarium at

ambient temperaUire for 16 days, then frozen for

subsequent radiochemical analysis. Metabolites

were purified according to the above protocol.

The radioactivity content was monitored at each

stage of the purification sequence, and terpenes

were subjected to repeated HPLCuntil the specific

activity was constant. 2) Stylotella aurantium (24g
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wet wt) was placed in an

aquarium containing 200ml
aerated seawater at ambient

temperature (20-2S°C ) Sodium
I

' C] cyanide (50|lCi ) was
added and the sponge allowed to

assimilate radioactivity lor I2hr

overnight. Thi i was kept

ill running seawater in ;i 10L
aquarium at ambient temp-
erature for 9 days, then frozen

for subsequent radiochemical

bis. Metabolites were pur-

ified according to the above
protocol. The radioactivity con-

tent was monitored at each

oi the pun lie. aience. A
i um [

' *C] thiocyanate
(UpCi; C) days incorporation)

experiment, used a 1 Zg piece of

sponge. 3) Ampkimedon ter-

penetfuis (26g wet wt) was
placed in an aquarium
t ontain i n g 4 ml., a c r a t e

d

seawater at ambient temperature 1 21 )-_' 3 °C J
|

' 1 1-

Diisothiocyanatoadociane i, 1 1 uCi ) w as added and

the sponge allowed to assimilate radioaefn it

1 2hrs overnight. The sponge w as kept in running

seawater in a 20L aquarium at ambient
temperature i\*r 19 days, then Frozen Poi

subsequent radiochemical analysis. Mctab-
were purified according to the above protocol.

The radioactivity content was monitored at each

i of the purification sequence. A sodium

\

]l
C\ thiocyanate (50pCi; 19 days incorporation)

experiment used a 45g piece of sponge.

Procedures used in the synthesis oi
I

N
CJ-

diisothiocyanatoadociane will be dt

elsewhere (Simpson & Garson. in preparation).

RESULTS

I ) Iv/'/n.vsY/ n.sp collected at Heron I. contained

sesquiterpene metabolites by GC-MS, TLC and
N\1K; the hc\anc-soluh|es were processed as

rribed in Simpson et al. 1 1997b) to give die

tJ -pupukeanane isocyanide isothiocyanale pair

(lag. 2A,H) and 2-thiocyanatoneopupukeanane
(Fig. 2Cy The GC-MS profile of the sesqui-

terpene fraction showed a number of other peaks

including isoeyamdcs and isothiocyanates. Light

and electron microscopic inspection ofAxinysso
n.sp. revealed the presence of mieiohial syni-

bionts. The outer layers ^ sponge tissue were
rich in cyanobactei ia of a or] ically

similar to Aphanocapsa feldmanm while the

F

R Hi I
I

m tJ t |i r r mi

PIG,
i olated i

..,

lucts. -\,

'Mm.
i

!

thiol from 2-thioayanatuneopupukeauatii i lo Hani

ilellane B. 0, famesyl isothi liyf cai w«ni ran

nylotellane B. I, amine fVom sty lot

innci tissue contained high populai
diverse bacterial cell types ill addition t

1

cells An Archaea-like symbianl I

membrane-bound nucleoid tiers!

er ai., this volume; Kierst ct al., L991

ipCi Sodium |

'

[

C] thiocyanate was supplied

. imen ol Axinysxa n.sp. maintained in a

im 1
1 Hnndei etaL, 1997; Samps

98). Alter IS days aquariu

bation. the sponge sample was fro/en and

:

;

: Mianc (Fig. 2CJ
ited and rigorously purified by MPLC to

constant specific radioactivity. The thu>e>

(Fig. 2C : niffcantly radioactive, as si

in Table I consistent w itn the use of thiocyanate

for the biosynthesis of the thioeyanato group as

shown in Pig 3, To test the specificity oi n

corporation, 2-thiocyana
. 2C) was degraded lo die thiol (J

using L1AIH4. The thiol product was not radio-

active (Table 2) therefore the |'V| label

exclusively associated with the nato

carbon, Incorporation of sodium
f

C]

into a second piece of sponge also gave radio-

active 2-Lhiocvanaloncop" Lnfi (Tab

I

Degradation resulted in unlabclled thiol product

t I able 2) indicating the label was again

el usively associated wiih Lb anato moiety

Our experiments i

1 monitor

isocyanide/isothiocyanate biosynthesis in thi a

sponge When die isoc) anide/teothiocyanaie pair
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TABLE 1. Molar specific activities of Axinyssa n. sp.

metabolites, a, published incorporation values were
not percentage values (Simpson & Garson, 1998); b,

incorporation of 25uCi; c, <10~ 2 %; d, incorporation

of lOO^Ci.

TABLE 2. Molar specific activities of Axinyssa n. sp.

degradation products.

Compound
(Fig.no.)

Precursor

Molar specific

activity

(mCi/mMole)

Incorporation^

(%)

2A Na[
l4 C]SCNb

0.004
<=

2B Na[
l4 C]SCNb

2.630 0.08

2C Na[
l4 C]SCNb

0.150 0.02

2A Na[
l4 C]CNd

0.014
c

2B Na[
l4 ClCN d

13.900 0.3

2( Na[
l4 C]CN d

1 .230 0.2

Compound
(Fig. no.)

Precursor

Molar specific

activity

(mCi/mMole)

Radioactivity

(%)

2C Na[
14qSCN 0.150 100.0

2D Na[
l4 C]SCN O.001 0.3

2C Na[
,4 C]CN 1.230 100.0

2D Na[
I4 C]CN 0.001 0.1

CN-

shown in Table 3, consistent with the use of
cyanide for the biosynthesis of the dichloroimine

group (Fig. 4, route notation 'a'). The percentage

incorporation levels measured were low as a

result of loss of volatile metabolites during the

purification process combined with the chemical

instability of the dichloroimine group. To test the

specificity of incorporation, stylotellane B was
degraded to the methyl carbamate (Fig. 2H) and

the amine (Fig. 21) using 0. IN phosphoric acid in

95% methanol. The carbamate product was
radioactive, whereas the amine was devoid of

radioactivity (Table 4), therefore the
[

14
C] label

was exclusively associated with the imine
carbon. Incorporation of sodium

[

,4
C] thio-

cyanate into a second piece of sponge also gave
radioactive metabolites (Table 3), however there

was insufficient material for chemical degrad-

ation. In each experiment, the isolated farnesyl

isothiocyanate (Fig. 2G) was also radioactive.

3) 50uGi Sodium [

14
C] thiocyanate was then

supplied to a specimen of A. terpenensis
according to our established protocols (Fookes et

al., 1988; Dumdei et al., 1997). After 19 days

aquarium incubation, the sponge sample was
frozen and diisocyanoadociane isolated and
rigorously purified by HPLC, then recrystallised

to constant specific radioactivity. The sample
was significantly radioactive consistent with the

use of thiocyanate for the biosynthesis of the

isocyanide group (Fig. 5). Degradative exper-

iments are in progress to

confirm the specific

$ labelling. When a sample of

• diisothiocyanatoadociane,
l4

C-labelled in both isothio-

cyanate groups, was
provided to A. terpenensis,

the diisocyanoadociane
isolated was found to be

radioactive. The specificity

3. Incorporation into isothiocyanate and thiocyanate metabolites of °* labelling is under
investigation.

(Fig. 2A,B) were isolated, the isothiocyanate

samples were radioactive (>150,000dpm/mg),
whereas the isocyanide samples from both
thiocyanate and cyanide feedings were not

significantly labelled (<100dpm/mg). The
specificity of labelling of 9-isothiocyanato-

pupukeanane is currently under investigation.

2) Extracts of the sponge Stylotella aurantium
weakly inhibited the growth of a P388 mouse
leukaemia cell line and contained terpenes by
TLC and NMR. The DCM-soluble components
of the extract were processed as described in

Simpson et al. ( 1 997a) to give the stylotellanes A
and B (Fig. 2E,F), together with farnesyl

isothiocyanate (Fig. 2G). Light microscopic in-

spection of sponge tissue revealed the absence of
microbial symbionts other than bacteria.

50uGi Sodium
[

I4
C] cyanide was supplied to a

specimen of S. aurantium according to our
established protocols (Dumdei et al., 1997;

Simpson et al, 1997a). After 9 days aquarium
incubation, the sponge sample was frozen and
stylotellanes A and B were isolated and
rigorously purified by HPLCto constant specific

radioactivity. The samples of stylotellanes A and
B (Fig. 2E,F) were significantly radioactive, as

sex.

SCN- ^5 f

FIG
Axinyssa n. sp
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TABLE 3. Molar specific activities of S. aurantium
metabolites, a, incorporation of 50uCi; b,

incorporation of 13uCi.

TABLE 4. Molar specific activities of S. aurantium
degradation products, a, after dilution with
unlabelled metabolite.

Compound
(Fig. no.)

Precursor

Molar specific

activity

(mCi/mMole)

Incorporation

<%)

2E Na[
l4 C]CNa

1.136 0.004

2F Na[
,4 C]CNu

1.472 0.033

2E Na[
l4 qSCNb

0.354 0.00034

2F Na['
4C]SCNb

0.224 0.00056

DISCUSSION

Our biosynthelic experiments with Axi nyssa n.

sp. and with S. aurantium, together with the

earlier work on A. terpenensis and A. cavernosa

(Garson, l986;FookesetaL, 1988;DumdeietaL,
1997), reveal that cyanide and thiocyanate are

precursors involved in the biosynthesis of four

NpCi functional groups found in marine ter-

penes, namely isocyanides, isothiocyanates,

thiocyanates and dichloroimines.

A number of different biosynthetic pathways

can be invoked to explain the origin of the thio-

cyanate group. Pham et al. ( 1 991 ) suggested the

cyanation of a terpene thiol, however this

proposal does not adequately explain the co-

occurrence of thiocyanates and isothiocyanates

in the same sponge. The insertion of sulphur into

an organic cyanide or isocyanide to give a

thiocyanate is mechanistically unprecedented.

Sulphur insertion into an isocyanide to give an

isothiocyanate (Hagadone et al., 1984), perhaps

using an enzyme functionally equivalent to

rhodanese (Westley, 1973), followed by iso-

merisation of the isothiocyanate to the

thiocyanate is a plausible biosynthetic pathway.

In the laboratory however, the isothiocyanate-

thiocyanate equilibrium usually favours an
isothiocyanate over a thiocyanate (Hughes,
1975). A final biosynthetic possibility is the use

of an ambident thiocyanate anion to attack a

terpene carbenium ion or its functional equiv-

alent (He et al., 1989; 1992; Walker & Butler,

1996). Thiocyanate either reacts through the

nitrogen centre generating an isothiocyanate

derivative or through the sulphur generating a

thiocyanate.

Results on the biosynthesis of the thiocyanate

moiety are particularly informative. The incorp-

oration of inorganic thiocyanate into the

thiocyanate and isothiocyanate metabolites (Fig.

2B,C) of Axinyssa n. sp. is consistent with direct

Compound
(Fig. no.)

Precursor

Molar specific

activity

(mCi/mMole)

Radioactivity

2F Na['V]CN 0.332
a

100.0

2H Na[
u C]CN 0.326 98.2

21 Na[
l4 C]CN 0.004 1.2

utilisation of this ambident precursor. Likewise

cyanide is utilised for both thiocyanate and iso-

thiocyanate biosynthesis. Our proposal is that

cyanide is converted in Axinyssa n. sp. to thio-

cyanate by the action of an enzyme similar to

rhodanese (Scheivelbein et al., 1969; Westley,

1973) and then incorporated into either

9-isothiocyanatopupukeanane or 2-thiocyanato-

neopupukeanane. The alternative possibility that

cyanide is converted first to the isocyanide then

by sulphur insertion to an isothiocyanate is less

likely since cyanide was not utilised for the bio-

synthesis of 9-isocyanopupukeanane in the same
specimen of Axinyssa n. sp.

Stylotella aurantium uses both cyanide and
thiocyanate as precursors for the biosynthesis of

the dichloroimine and isothiocyanate groups.

Fig. 4 shows two plausible biosynthetic routes to

the stylotellanes A and B, one route (a) using an

isonilrile intermediate and the other (b) invoking

an isothiocyanate intermediate. The isolation of
farnesyl isothiocyanate, but not of farnesyl

isocyanide (Fig. 4A), from this sponge is con-

sistent with the operation of path (b). The
dichloroimine metabolites are among the most
unusual of the cyanide and thiocyanate-derived

terpenes. In the laboratory, isocyanide dihalides

can be synthesised by addition of chlorine to

isocyanides or by chlorination of isothiocyanates

(Ktihle et al., 1 967). The biosynthetic mechanisms
proposed invoke the use of a chloroperoxidase

enzyme to chlorinate intermediates (Butler &
Walker, 1993; Walker & Butler, 1996).

In A. terpenensis, our results are consistent

with the use of both thiocyanate and of cyanide

for isocyanide biosynthesis. Thiocyanate may
perhaps be converted to cyanide by use of a

peroxidase enzyme, as has been demonstrated in

some bacteria (Ohkawa et al., 1971; Pollock &
Goff, 1 992; Westley, 1981), which is then utilised

for isocyanide biosynthesis (Fig. 5).

Wehave previously suggested that A. cavernosa

is able to interconvert inorganic cyanide and

thiocyanate (Dumdei et al., 1997). Our current
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FIG. 4. Biosynthesis of dichloroimines in Stylotella aurantium. A, farnesyl

isocyanide. B, farnesyl isothiocyanate. C, stylotellane A. D, sty lotellane B.

results suggest Axinyssa n. sp., & aurantium and
A. terpenensis are able to interconvert these 2

inorganic precursors. Wehave also speculated

that enzymic transformations which parallel the

cyanide-thiocyanate interconversion may
transform organic isocyanides into isothio-

cyanates, or the reverse, in marine sponges
(Dumdei et al, 1997). Figure 6 illustrates these

suggested biosynthetic relationships for Axinyssa
n.sp. Thiocyanate is used to make 9-isothio-

cyanatopupukeanane which then undergoes
desulphurisation to give 9-isocyanopupukeanane;

alternatively, cyanide is used for isocyanide bio-

synthesis, then the isocyanide is converted into

the isothiocyanate by an enzyme functionally

equivalent to rhodanese.

In pioneering biosynthetic experiments,
Hagadone et al. (1984) inferred the precursor

status of an isocyanide terpene metabolite in

isothiocyanate formation in Ciocalypta sp.

They explored the in vivo conversion of 2-iso-

cyanpupukeanane into the corresponding
formamide and isothiocyanate metabolites. The
natural product status of formamide metabolites

has however been questioned by Tada et al.

(1988). A second concern with the work of
Hagadone et al. (1984) is their use of the

relatively insensitive
l C label in conjunction

with mass spectrometric detection.

Our preliminary results with A. terpenensis

suggest that an isothiocyanate to isocyanide

transformation may occur in this sponge. The

sponge contains isothio-

cyanates as minor met-
abolites (unpublished
results). When radiolabel-

ed diisothiocyanatoadociane

was supplied to samples of

A. terpenensis, the
diisocyanoadociane
isolated was shown to be

radioactive. Chemical
degradation is currently in

progress to confirm the

specificity of labelling in

this advanced precursor

experiment.

In view of the previous

successful experiments
with both diterpene
isocyanides (Gar son,
1986;FookesetaL, 1988;

Karuso & Scheuer, 1989)

and sesquiterpene
isonitriles (Karuso &

Scheuer, 1989; Dumdei et al, 1997), it is quite

extraordinary that we have not demonstrated the

incorporation of cyanide into the major iso-

cyanide component (Fig. 6) of Axinyssa n. sp.

Likewise thiocyanate appears not to be used for

isocyanide biosynthesis in this sponge, in

contrast to A. cavernosa in which thiocyanate is

used for isocyanide biosynthesis (Dumdei et al.,

1997) and also in contrast to A. terpenensis (this

paper). The lack of incorporation of thiocyanate

into 9-isocyanopupukeanane (Fig. 6) suggests

that either the thiocyanate to cyanide conversion

is inefficient in this sponge or that the conversion

of isothiocyanate into isocyanide does not occur.

We are currently isolating some of the other

minor isocyanide metabolites from Axinyssa
samples labelled by thiocyanate or cyanide in

order to investigate the role of cyanide and
thiocyanate in isocyanide biosynthesis in this

sponge. A clearer picture of the complex meta-
bolic interrelationships in Axinyssa n. sp. will

emerge when we test the utilisation of

CN

SCN-

FIG. 5. Biosynthesis of diisocyanoadociane in A.

terpenensis.
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Q-isocyanopupukeanane 9-isothiocyanatopupukeanunc

FIG. 6. Possible biosynthetic interconversions in

Axinyssa n. sp. Solid lines indicate incorporation

results or possible conversions, dotted lines indicate

non-incorporation.

l4
C-labelled isocyanide and isothiocyanate

precursors by this sponge.

The origin of the cyanide or the thiocyanate

used by marine sponges remains a tantalising

mystery. Plants generate hydrogen cyanide by-

hydrolysis of cyanogenic glycosides (Seigler,

1975). Some bacteria are known to produce
hydrogen cyanide (Knowles, 1976) or to convert

the amino acid cysteine to thiocyanate (Voet &
Voet, 1995), while methionine has been implicat-

ed in the formation of cyanide as a byproduct of

ethylene biosynthesis (Pirrung, 1985). To date

experiments to determine an amino acid origin

for the isocyano group in diisocyanoadociane

have been unsuccesful (Fookes et al., 1988).

Two sponges used in our biosynthetic ex-

periments have interesting symbiotic profiles.

Amphimedon terpenensis has previously been

shown to contain high bacterial populations of

eubacteria together with a cyanobacterial
symbiont which morphologically resembles
Aphanocapsa feldmcmni (Garson et al., 1992).

Axinyssa n.sp. contains a cyanobacterial sym-
biont together with numerous bacteria, in

particular an archaeal-like bacteria which con-

tains a highly unusual membrane-bound nucleoid

(Fuerst, this volume; Fuerst et al., 1998). Wehave

previously demonstrated that A. terpenensis

isocyanides are localised in sponge cells,

primarily archaeocytes and choanocytes, and

infer that this is the site of synthesis of the

metabolites (Garson et al., 1992). Terpene
metabolites in 2 other sponges have been shown
to be localised in sponge cells rather than sym-
biont cells (Uriz et al, 1996; Flowers et al.,

1998). The range of sponges with which we are

now exploring Nj-Cj biosynthesis provide us

with additional candidates to study the cellular

localisation of terpene metabolites and to explore

the role of symbionts in biosynthesis.

TAXONOMICNOTE. The sponge which we
have identified as

' Amphimedon'' terpenensis in

this paper has a chequered taxonomic history. It

was first named in the literature as an Adocia sp.

by the Roche group (Baker et al. , 1 976). Fromont

( 1 993) placed the sponge within Amphimedon in

her taxonomic studies on haplosclerid sponges of
the Great Barrier Reef and proposed the species

name for the large proportion of terpene
metabolites. Van Soest et al. ( 1 996) considered

the skeletal characteristics were too irregular to

be compatible with Amphimedon. Based on
structural characteristics and spicule analysis,

they proposed the combination Cymbastela
terpenensis, but acknowledged however that the

skeletal morphology, growth form and texture for

the sponge were not typical of Cymbastela, as

described by Hooper & Bergquist (1992). The
documented secondary metabolite chemistry of
Cymbastela spp. consists of pyrrole metabolites

from a New Caledonian species (Ahond et al.,

1988). Samples of Cymbastela sp. collected from
Heron I. and Lizard I. do not have a secondary

metabolite profile by NMRand GC-MS, but have

been shown to contain 24-isopropyl-5
:

' sterols

(Stoilov et al., 1986), whereas A. terpenensis

contains 8 ' -sterols (Garson et al., 1 988). A more
thorough taxonomic assessment of 'A/ ter-

penensis (and the related C. hooperi), including

consideration of live specimen characteristics,

growth form, texture and spongin content and

skeletal structure is required. It is possible that a

new genus is required for these species but this

requires substantially more corroborative
evidence than is presently available (e.g. genetic

analyses). For the present we retain the taxon 'A.
'

terpenensis, but acknowledge it does not belong

with typical members of Amphimedon (Haplo-

sclerida; Niphatidae).

ACKNOWLEDGEMENTS

Wethank John Hooper, Queensland Museum,
for taxonomy, the Australian Research Council

for funding and the Australian Government for an

APRAscholarship. The assistance of the staff of

Heron Island and Lizard Island Research Stations

in performing field work is gratefully acknow-
ledged. This research was performed under permits

G96/050, G97/097, G98/037 and G98/227 issued

jointly by GBRMPAand QNPWS.



566 MEMOIRSOFTHEQUEENSLANDMUSEUM

LITERATURECITED

AI IOND, A., ZURITA, MB., COLIN, VI., FIZAMES,
C, LABOUTE, P., LAVELLE, R, LAURENT,
D., POUPAT, C, PUSSET, M. & THOISON, D.

1988. A new antitumoural compound isolated

from the sponge Pseudaxinyssa cantharella sp.

nov. (Axinellidae). Comptes Rendus de
['Academic des Sciences Serie II. 307: 145-148.

BAKER, J.T., WELLS, R.J., OBERHANSLI, W.E. &
HAWES,G.B. 1 976. A new diisocyanide of novel

ring structure from a sponge. Journal of the

American Chemical Society 98(13): 4010-4012.

BUTLER, A. & WALKER, J.V. 1993. Marine hab-
peroxidases. Chemical Reviews 93: 1937-1944.

CHANG,C.W.J. & SCHEUER,P.J. 1990. Biosynthesis

of marine isocyanoterpenoids in sponges.
Comparative Biochemistry and Physiology 97B:
227-233.

1993. Marine isocyano compounds. Pp. 34-75. In

Scheuer, P.J. (ed.) Marine Natural Products.

Diversity and Biosynthesis: Topics in Current

Chemistry. Volume 167. (Springer- Verlag:

Berlin and New York).

DUMDEI, E.J., FLOWERS,A.L.. GAKSON,M.J. &
MOORE,CJ. 1997. The biosynthesis of sesqui-

terpene isocyanides and isothiocyanates in the

marine sponge Acanthella cavernosa (Dendy);

evidence for dietary transfer to the dorid nudi-

branch PhyUidiella pustulosa. Comparative
Biochemistry and Physiology 1 ISA: 1385-1392.

FLOWERS, A.E., GARSON^M.J., WEBB, R.I..

DUMDEI, E.J.& CI I ARAN, RD. 1998. Cellular

origin of chlorinated diketopiperazines in the

dictyoceratid sponge Dvsidea herbacea (Keller).

Cell and Tissue Research 292: 597-607.

FOOKES, C.J.R., GARSON,M.J., MACLEOD,J.K.,

SKELTON, B.W. & WHITE, A. H. 1988.

Biosynthesis of diisocyanoadociane, a novel

diterpene from the marine sponge Amphimedon
sp.: crystal structure of a monoamide derivative.

Journal of the Chemical Society Perkin Trans-

actions I: 1003-1011.

I ROMONT,J. 1993. Descriptions ofthc Haplosclerida

(Porifera: Demospongiae) occurring in tropical

waters of the Great Barrier Reef. The Beagle,

Records of the Northern Territory Museum of
Arts and Science 10(1): 7-40.

I I ERST, J.A., WEBB,R.I.. GARSON,M.J., HARDY,
L. & REISWIG, H.M. 1998. Membrane-bounded
nucleoids in microbial symbionts of marine
sponges. FEMSMicrobiology Letters 166:29-34.

GARSON, M.J. 1986. Biosynthesis of the novel
diterpene isonitrile diisocyanoadociane by a

marine sponge o\~ the Amphimedon genus:
Incorporation studies with sodium

[

!

C] cyanide

and sodium [2- C] acetate. Journal of the

Chemical Society Chemical Communications
35-36.

1989. Biosynthetic studies on marine natural

products. Natural Product Reports 6: 143-170.

1993. The biosynthesis of marine natural products.

Chemical Reviews 93: 1699-1733.

GARSON,M.J., PARTALI, V.. LIAAEN-JENSEN. S.

& STOILOV, I.L. 1988. Isoprenoid biosynthesis

in a marine sponge of the Amphimedon genus.

Incorporation studies with [l-
l4

C] acetate, [4-
l4

C]
cholesterol and [2-

14
C] mevalonate. Comparative

Biochemistry and Physiology 91B(2): 293-300.

GARSON,M.J., THOMPSON,J.E., LARSEN, R.M.,

BATTERSHILL, CM., MURPHY, P.T. &
BERGQUIST, P.R. 1992. Terpenes in sponge cell

membranes: cell separation and membrane
fractionation studies with the tropical marine

sponge Amphimedon sp. Lipids 27: 378-388.

GARSON,M.J., SIMPSON, J.S., FLOWERS.A.E. &
DUMDEI E.J. 1999. Cyanide and thiocyanatc-

derived functionality in marine organisms -

structure, biosynthesis and ecology. Studies in

Natural Products, in press.

HAGADONE,M.R., SCHEUER, P.J., & HOLM, A.

1984. On the origin of the isocyano function in

marine sponges. Journal of the American
Chemical Societv 106: 2447-2448.

HE, H.-Y., FAULKNER, D.J., SHUMSKY, J.S.,

HONG,K. & CLARDY, J. 1 989. A sesquiterpene

thiocyanate and three sesquiterpene isothio-

cyanates from the sponge Traehyopsis
aplvsinoides. Journal of Organic Chemistrv 54:

2511-2514.

HE, H.-Y., SALVA, J., CATALOS, R.F. & FAULK-
NER, D.J. 1992. Sesquiterpene thiocyanates and

isothiocvanates from Axinvssa aplvsinoides.

Journal of Organic Chemistry 57: 3191-3194.

HOOPER, J.N.A. & BERGQUIST, P.R. 1992.

Cymbastela, a new genus of lamellate coral reef

sponges. Memoirs of the Queensland Museum
32(1): 99-137.

HUGHES,M.N. 1975. General chemistry. Pp. 3-67. In

Newman, A. A. (ed.) Chemistry and biochemistry

of thiocyanic acid and its derivatives. (Academic
Press: London).

JIMENEZ, C. & CREWS, P. 1991. Novel marine
sponge derived amino acids. 13. Additional

psammaplysin derivatives from Psammaplysilia

purpurea. Tetrahedron 47: 2097-3102.

KARUSO,P. & SCHEUER,P. J. 1989. Biosynthesis of
isocyanoterpenes in sponges. Journal of Organic

Chemistry 54: 2092-2095.

KELLY-BORGES, M., & BERGQUIST, P.R. 1988.

Sponges from Motupore Island, Papua New
Guinea. Indo-Malayan Zoology 5: 121-159.

KNOWLES,C.J. 1976. Microorganisms and cyanide.

Bacteriological Reviews 40(3): 652-680.

KOHLE, E., ANDERS,B. &ZUMACH, G. 1 967. New
methods of preparative organic chemistry IV.

Syntheses of isocyanide dihalides. Angewandtc
Chemie International Edition 6: 649-653.

OHKAWA,H & CASIDA, J.E. 1971. Glutathione-

s-transferases liberate hydrogen cyanide from
oraanic thioevanates. Biochemical Phannacolosv
20:1708-1711.



BIOSYNTHESIS IN TROPICALMARINESPONGES 567

PHAM, A.T., ICHIBA, T, YOSHIDA, W., SCHEUER,
P.J., UCHIDA, T, TANAKA, J., & HIGA, T.

1991. Two marine sesquiterpene thiocyanates.

Tetrahedron Letters 32: 4843-4846.

PIRRUNG, M.C. 1985. Ethylene biosynthesis. 3.

Evidence concerning the fate of Ci-Ni of

1 -aminocyclopropanecarboxylic acid. Bioorganic

Chemistry 13:219-226.

POLLOCK, J.R. & GOFF, H.M. 1992. Lactoper-

oxidase-catalysed oxidation of thiocyanate ion. A
carbon- 13 nuclear magnetic resonance study of

the oxidation products. Biochimica Biophysica

Acta 1159: 279-285.

SCHEUER, PJ. 1992. Isocyanides and cyanides as

natural products. Accounts of Chemical Research

25: 433-439.

SCHIEVELBEIN, H., BAUMEISTER, H. & VOGEL,
R. 1969. Comparative investigations on the

activity of thiosulphate-sulphur transferase.

Naturwissenschaften 56: 416-417.

SEIGLER, D.S. 1975. Isolation and characterisation of

naturally occurring cyanogenic compounds.
Phytochemistry 14: 9-29.

SIMPSON, J.S., RANIGA, P. &GARSON,M.J. 1 997a.

Biosynthesis of dichloroimines in the tropical

marine sponge Stvlotella aurantium. Tetrahedron

Letters 38(45): 7947-7950.

SIMPSON, J.S. GARSON, M.J., HOOPER, J.N.A.,

CLINE, E.I. & ANGERHOFER,C.K. 1997b.

Terpene metabolites from the tropical marine

sponge Axinyssa sp. nov. Australian Journal of

Chemistry 50:1123-1127.

SIMPSON, J.S. & GARSON,MJ. 1998. Thiocyanate

biosynthesis in the tropical marine sponge
Axinyssa n. sp. Tetrahedron Letters 39: 5819-

5822.

SOEST, R.W.M. VAN, DESQUEYROUX-FAUNDEZ,
R., WRIGHT, A.D. & KONIG, G.M. 1996.

Cymbastela hooperi sp. nov. (Halichondrida:

Axinellidae) from the Great Barrier Reef,

Australia. Bulletin de Nnstitut Royal des
Sciences Naturelles de Belgique 66: 103-108.

STOILOV I.L., THOMPSON,J.E. & DJERASSI, C.

1986. Biosynthetic studies of marine lipids 7.

Experimental demonstration of a double
alkylation at C-28 in the biosynthesis of 24-iso-

propylcholesterols in a sponge. Tetrahedron

42(15): 4147-4160.

TADA, H., TOZYO, T & SHIRO, M. 1988. A new
isocyanide from a sponge. Is the formamide a

natural product? Journal of Organic Chemistry

53:3366-3368.

URIZ, M.J., TURON, X., GALERA, J. & TUR, J.M.

1996. New light on the cell location of avarol

within the sponge Dysidea avara (Dendro-

ceratida). Cell and Tissue Research 285: 519-527.

VOET D. & VOET J.G. 1995. Biochemistry. 2nd
Edition (Wiley: NewYork).

WALKER, J.V. & BUTLER, A. 1996. Vanadium
bromoperoxidase-catalysed oxidation of
thiocyanate by hvdrogen peroxide. Inorganica

Chimica Acta 243": 201-206.

WESTLEY, J. 1973. Rhodanese. Advances in Enzym-
ology 39: 327-368.

1981. Cyanide and sulfane sulfur. Pp. 61-75. In

Vennesland, B., Conn, E.E., Knowles, C.J.,

Westley, J. & Wissing, J. (eds) Cyanide in

Biology. (Academic Press: London).

WRATTEN,S.J. & FAULKNER, D.J. 1977. Carbo-

nimidic dichlorides from the marine sponge

Pseudaxinyssa pitys. Journal of the American
Chemical Society 99: 7367-7368.

WRATTEN,S.J., FAULKNER,D.J., VANENGEN,D.

& CLARDY, J. 1978a. A vinyl carbonimidic

dichloride from the marine sponge Pseudaxinyssa

pitys. Tetrahedron Letters 16: 1391-1394.

WRATTEN,S.J. & FAULKNER, D.J. 1978b. Minor
carbonimidic dichlorides from the marine sponge

Pseudaxinyssa pitys. Tetrahedron Letters 16:

1395-1398.


